. Because of the uniform use of a single CMS system, the relatively recent introduction of the crop,
S
orghum is native to Sub-Saharan Africa and has 1999). Estimates of molecular-marker based genetic disbeen cultivated for centuries as a staple cereal grain tance have proven to be a useful way to describe existing in much of Asia and Africa. Sorghum became economiheterotic groups, to identify new heterotic groups, and cally important in the semiarid plains of the central USA to assign inbreds of unknown genetic origin to estabin the 1800s (Duncan et al., 1991) . Before 1950, sorghum lished heterotic groups (Dubreuil et al., 1996 ; Saghaiproduction was based on self-pollinated cultivars, and Maroof et al., 1997; Hongtrakul et al., 1997; Pejic et al., germplasm enhancement activities were restricted to a 1998; Casa et al., 2002) . limited number of photoperiod insensitive accessions, Genetic diversity in sorghum has been estimated utimainly from Africa and India. New varieties were evenlizing several types of molecular markers (Tao et al., tually selected from segregating progenies resulting 1993; Vierling et al., 1994; Brown et al., 1996 ; Taramino from the hybridization of two or more cultivars. Comet al., 1997; Uptmoor et al., 2003) . Unfortunately, these mercial exploitation of F 1 hybrids in grain sorghum analyses did not thoroughly sample the germplasm pool started in the USA in the mid-1950s, with the developof many breeding programs nor did they provide extenment of the cytoplasmic male sterility system (CMS) sive marker coverage of the sorghum genome. In con-A1 (Quinby, 1971 (Quinby, , 1974 Kramer, 1987) . While additrast, Ahnert et al. (1996) used a set of 104 RFLP probes tional CMS systems have been discovered, almost all to evaluate the genetic diversity among a larger set of sorghum hybrid seed production relies on the A1 CMS elite proprietary sorghum inbred lines. Estimates of gesystem originally described by Stephens Because the AFLP assay generates multiple polymorwere as described by Klein et al. (2000) and Menz et al. (2002) .
phic bands in a single gel, it has been used increasingly One hundred ninety-two (ϩ3/ϩ3) AFLP primer combinations for genetic diversity studies (Hongtrakul et al., 1997;  were examined in all lines with a dual-dye LI-COR 4200 IR 2 Zhu et al., 1998; Fregene et al., 2000; Lima et al., 2002;  gel detection system (LI-COR Inc., Lincoln, NE). For the 100 Ubi et al., 2003) . AFLP markers can be generated by SSR markers analyzed, forward primers were labeled either CNG methylation-sensitive (PstI/MseI) or by CNG with one of the IR fluorescent dyes (LI-COR Inc.) or with one methylation-insensitive (EcoRI/MseI) enzyme combiof the three phosphoramidite fluorescent dyes (6-FAM, NED, nations (ECs). The EcoRI/MseI EC will produce AFLP or HEX) for use with the ABI Prism 3700 DNA sequencing markers uniformly distributed across the physical map system (Applied Biosystems, Foster City, CA). Primer information, PCR conditions, and map positions of all the markers of sorghum, but in a genetic map they will look clustered included in this study have been published elsewhere (Menz along the hypermethylated regions of the genome that et al., 2002) and are available from the Sorghum Genome webshow low recombination rates, such as around the censite at http://SorghumGenome.tamu.edu; verified 18 March tromeres (Menz et al., 2002) . Conversely, the PstI/MseI 2004. AFLP data were analyzed by Bionumerics software ver-EC will produce markers that will be uniformly distrib- among genotypes have been performed in the past (Djé et al., 1999; Uptmoor et al., 2003; Pejic et al., 1998) .
Data Analysis However, with the exception of one study in corn (Zea To estimate the genetic similarity between each pair of mays L., Vuylsteke et al., 2000) , previous comparisons lines, 1814 AFLP and 100 SSR marker loci were scored. All utilized unmapped molecular markers and, therefore, 1914 markers used in this study were previously mapped in a regions of the genome may have been over-or underpopulation produced by crossing two inbred lines included represented in each of these diversity studies.
here, BTx623 and IS3620C (Menz et al., 2002) . Therefore, The objectives of this study were (i) to estimate the for all AFLP bands identified in each gel, only those bands genetic diversity present among elite public sorghum corresponding to markers previously mapped by Menz et al. inbreds and compare this with the diversity present tion about these markers see http://SorghumGenome.tamu. edu). In the case of LG-D, LG-F, and LG-G, each was analyzed with 7, 5, and 6 SSRs, respectively, but the markers were
MATERIALS AND METHODS
clustered into a small region of the map.
Plant Material
Samples of BTx623 and IS3620C were run in triplicate to provide an estimate of the reproducibility of band size determiThe 50 sorghum inbreds included in this study were selected nation. For each SSR examined, this variability was always on the basis of their contribution to the sorghum hybrid indusless than one base pair. All data were transformed to binary try during the past 50 yr (Table 1 ). All the lines included in code producing a matrix of presence (1) versus absence (0) of this study have been publicly released and used by breeders each allele. The resulting matrix was used to estimate genetic in both the public and private sectors to create commercial similarity among all pairs of lines by Dice coefficient of similarhybrids and/or proprietary inbred lines. This collection of ity (Nei and Li, 1979) as follows: germplasm includes older lines developed directly from original pure-line cultivars in the 1950s to more recent public germ-
plasm releases that can be considered second generation lines (e.g., derived from combinations of old lines, Table 1 ). The where N ij is the number of alleles (scored bands) shared by lines i and j, and N i and N j are the total number of scored 50 lines include 31 elite temperate adapted inbreds (13 B-lines and 18 R-lines) and 19 exotic inbreds converted to photopebands in lines i and j, respectively. Negative matches (0-0) were not included. Values of GS may range from 1 (identical riod insensitivity (16 IS lines and 3 pure-line cultivars) that have been widely used as progenitors of elite inbreds. Two profiles for all markers) to 0 (no bands in common). Five similarity matrices were generated for all pair-wise different seed sources of BTx623 and IS3620C were included BTx3197 ϫ SC170-6-4, Kafir ϫ Zera-zera B 9. BTx626
BTx378 ϫ SC110-6, Kafir ϫ Zera-zera B 10. BTx631
BTx615 ϫ (BTx378 ϫ SC110-9), Kafir ϫ Zera-zera B 11. BTx635 RS/R (C 2 )S 1 -102-1, Zera-zera-derivative B 12. BTxArg-1 MR807 ϫ (BTx3197 ϫ SC170-6-4 Tx2536 ϫ SC170-6SC110-14E, Feterita ϫ Zera-zera
SC599-6 ϫ SC110-9, Caudatum-Nigricans R 24. RTx433
Tx414 ϫ SC108-6Kafir-Milo ϫ Zera-zera R 25. Tx2817 BC 1 of IS12661 (SC170-6), Zera-zera R 26. RTx2858
(SC120-6 ϫ Tx7000) ϫ Tx7000, Zera-zera and Kafir-milo R 30. Tx2903
[(SC120-6 ϫ Tx7000) comparisons among the 50 inbred lines: Matrix I, utilizing only 2.11a (Exeter Software, Setauket, NY). An estimate of the confidence limits for the grouping produced by each dendrodata generated by 100 SSRs; Matrix II, using data generated by 1318 EcoRI/MseI AFLPs (E/M AFLPs); Matrix III, using gram was obtained by performing 2000 bootstrap resamplings in SAS (SAS Institute Inc.) and WinBoot (Yap and Nelson, 496 PstI/MseI AFLPs (P/M AFLPs); Matrix IV, using 1313 markers (SSRs, P/M AFLPs, and E/M AFLPs) mapped every 1996). 1 or 2 cM on the genetic map; and Matrix V, using all 1914 markers included in this study. Dendrograms were created RESULTS from each similarity matrix by the unweighted pair group method with arithmetic average (UPGMA) (Sneath and So- Allelic Diversity at SSR Loci in Sorghum Inbreds kal, 1973) . To determine how accurately the dendrograms represent the estimates of genetic similarity among the genoOf the 777 total SSR alleles identified, 675, 450, and types, a cophenetic matrix was generated for each of the den-355 were detected among the 19 exotic IS-lines, 18 elite drograms and compared with the corresponding similarity ma-R-lines, and 13 elite B-lines examined, respectively. On trix by the Mantel matrix correspondence test (Mantel, 1967) . analysis. The inbred BTx642 is the only elite B-line ysis are Durra, Zera-zera, Feterita, Kafir, and Kafirderived exclusively from Durra germplasm. Of the 100
Milo, and all of them are genetically distant from the SSRs tested, 8% were monomorphic among the B-lines only Margaritiferum line, IS3620C. There were discrepexamined. The corresponding average number of a/l ancies in the classification of those lines that have more among the elite R-lines was 4.5 with a maximum of 10.0 than one working group in their genetic background. and 3% of the SSRs being monomorphic. The greatest For example, RTx436, a line derived from SC120-6/ allelic diversity was detected among the 19 exotic lines Tx7000 with a backcross to Tx7000, has Zera-zera and with an average number of a/l of 6.8 and no SSRs being Kafir-Milo in its genetic background. This line was monomorphic. Of the three groups, the maintainer elite grouped with Feterita lines by the analyses based on B-line parents possess the least allelic diversity and neiMatrix I and Matrix II, and it was grouped with other ther the B-nor R-lines capture all the genetic diversity Kafir-Milo lines by the other sets of markers. Lines present in the exotic lines. Furthermore, for a given SSR derived from crosses between Zera-zera and Kafir or locus, nearly all of the alleles present among the elite Caudatum were grouped together in a single cluster germplasm (B-and R-lines) were present among the close to the Kafir cluster by all the marker sets except alleles observed in the exotic IS lines.
Matrix I. Analysis with SSR markers placed two of these lines (Tx626 and Tx635) close to the Kafir cluster and
Cluster Analyses
the two others (Tx623 and Tx432) within the Zera-zera cluster. The exception was the group that includes the The GS data calculated for each set of markers is Feterita lines. All of these lines have complex pedigrees summarized in Table 2 . Maximum values of GS ranged resulting from crossing lines from different working from 0.911 within two Kafir lines determined by Matrix groups but all include a Feterita line as a parent. Despite II (E/M AFLP markers) to 0.81 for the same Kafir lines these complex pedigrees, all marker sets grouped the determined by Matrix I (SSR markers). The minimum Feterita-related lines in a single cluster. Lines of Caudavalue of GS for the overall set of markers was 0.0 since tum origin were distributed across several clusters and all the markers evaluated were polymorphic between never grouped together with any set of markers examtwo lines included in this study. On average, SSRs proined. Tx3042 and Tx7000 that are designated as Kafirduced lower estimates of GS than AFLP markers. EstiMilo lines, grouped with the Kafir cluster rather than mates of cophenetic correlations for the dendrograms with other Kafir-Milo lines suggesting that the proporobtained with each set of markers are illustrated in tion of their genomes derived from Kafir origin is sub- Table 3 . Overall, the cophenetic values ranged from stantial. very high (0.98 for Matrix IV, markers every 1-2 cM The tree best supported by the bootstrap analysis was across the genome) to high for SSRs (0.83 for Matrix obtained with the set of markers selected every 1-to I). When comparing similarity matrices or cophenetic 2-cM across the sorghum genome (Matrix IV). On the matrices between the five different markers sets, in genbasis of this data set, the average GS within elite R-lines eral, matrices generated by SSRs showed the lowest cor-(0.61) is similar to the average GS among elite B-and relation.
R-lines (0.59), and this estimate is lower than the averAssociations among the 50 sorghum lines based on age GS within any of the working groups examined cluster analysis of GS ij indices are illustrated in Fig. 1 . (Table 4) . Overall, the most homogeneous group is Kafir All five molecular marker sets were able to uniquely (average GS of 0.82), and this group, on average, is classify each of the 50 inbred lines included in this study.
more closely related to Kafir-Milo (average GS of 0.61) In all five dendrograms, the major clustering of lines than to Zera-zera, Feterita, or Durra (average GS of corresponded to sorghum race-working groups rather 0.51 to 0.54). The dendrogram produced by Matrix III than the R-or B-line classification used to define hybrid combinations. The groups identified by the cluster anal-(P/M AFLPs) gave similar results. The weakest cluster Table 3 . Correlation between cophenetic matrices (above diagonal) and similarity matrices (below diagonal) obtained with different marker sets. Cophenetic correlation coefficients for the dendrograms are underscored on the diagonal. based on the bootstrap analysis was observed by only introgression and development of new, diverse B-line SSRs (Matrix I).
germplasm. Cluster analysis based on GS among the 50 lines examined showed a clear demarcation of the germplasm
Comparison between Marker Sets
according to their working group and not to their B-or Comparisons between dendrograms obtained with R-line classification. Sorghum working groups repredifferent sets of markers, through cophenetic correlasented in this study included Kafir, Feterita, Zera-zera, tions of cophenetic or similarity matrices, were all highly Kafir-Milo, Durra, Caudatum, Margaritiferum, and significant. However, marker sets with poor and/or nonGuinea, and lines developed from inter-group crosses, uniform coverage of the genome [e.g., sets based strictly like Zera-zera ϫ Kafir. All groups but Caudatum were on SSRs (Matrix I) or E/M AFLPs (Matrix II)], showed identified as independent clusters. There was only one a slightly different classification of germplasm although representative from the Margaritiferum group and one Mantel tests did not detect these differences. The 100 from the Guinea working group. These two lines were SSRs included in this study covered 92 unique map clearly differentiated from the other groups. Most of the positions vs. approximately 355 for P/M AFLPs and 825 B-lines included in this study were derived from Kafir for E/M AFLPs. The set of markers with the best overall germplasm, consequently they were grouped together coverage of the sorghum genome represented 1313 in the Kafir cluster. This can give the impression that unique genetic map positions (Matrix IV). Estimates of the classification was following the B-or R-line status; GS and classification of germplasm obtained with data however, the Kafir cluster also includes the R-lines with derived from this last set of markers, Matrix IV, were Kafir background and does not include the B-lines devery similar to the one obtained with the P/M AFLP rived from Durra or Zera-zera germplasm. Prior efforts markers alone (Matrix III).
to identify heterotic groups in sorghum, whether based on working groups, B-or R-line status, or any other factor, have been inconclusive (Gilbert, 1994) . Therefore,
DISCUSSION
for logistical reasons, sorghum breeders have traditionIn general, the level of allelic diversity revealed ally kept B-and R-line development programs separate among the germplasm included in this study is high, but and then tested for combining ability between the two is due mainly to the allelic diversity present among the groups. The results of this study suggest that elite sorexotic lines. The average number of alleles per locus ghum germplasm should be grouped by genetic backidentified in this study is similar to the average reported ground and not by existing B-or R-line classification. for maize (Romero-Severson et al., 2001; In fact, the traditional inter-group crossing approach al., 2002), higher than the average (5.9 a/l) previously utilized by public breeders may actually dilute potential reported in elite sorghum lines (Smith et al., 2000) , and heterotic patterns. The results reported by Ahnert et al. lower than the average (8.7 a/l) reported in landraces (1996) also support this conclusion. They studied genetic from Southern Africa (Uptmoor et al., 2003) and accesdiversity in a group of elite proprietary inbred lines from sions from the world germplasm collection (Djé et al., a single seed company. The B-lines were grouped in a 2000; Grenier et al., 2000) .
single cluster separate from the R-lines. However, most In this study, the elite B-lines displayed only 52% of of the B-lines in that study came from Kafir germplasm. the allelic diversity present in the selected group of exotic
The R-lines clustered in two main groups; one that lines from the World Collection while elite R-lines reincluded Feterita lines, and the other Zera-zera lines tained 67% of the allelic diversity of the exotic lines.
( Ahnert et al., 1996) . The lower diversity among elite B-lines vs. R-lines is Temperate maize is probably the most successful not surprising since B-lines must produce good malestory of hybrid breeding in a domesticated crop. The sterile A-lines and the development of new A/B-lines heterotic groups Reid Yellow Dent and Lancaster have is more difficult and time consuming compared to R-line been maintained as separate groups while new lines development. Therefore, B-line development is more are developed by selfing a cross between inbreds from restrictive and slower to incorporate new germplasm. In within the same heterotic group. In this system, the addition, most of the female lines are Kafir derivatives.
genetic diversity within a heterotic group has been reDespite the effort that would be required, the present duced while diversity estimates between groups have results indicate that efforts to increase the genetic diversity of sorghum breeding lines should emphasize the markedly increased through modern breeding practices (Labate et al., 1997 (Labate et al., , 1999 . If the classification of the defined heterotic groups for this crop. It is also our intent to continue this molecular classification for addisorghum lines suggested by this study corresponds to heterotic groups, a more efficient way to produce new tional sorghum lines (both exotic and domesticated mainbred lines with good combining ability may involve terials) to identify new sources of alleles for sorghum imcrossing lines from within the same working group. This provement. also implies that new female lines could be created by crossing R-lines with B-lines from within a working tionship, but the distribution of these markers over the genome is equally as important. Diversity studies based 
